Abstract: We demonstrate a highly efficient, stable, and tunable dispersive wave (DW) emitted by the soliton in a tellurite microstructured optical fiber. The dependence of the generated DW properties on the average pump power is experimentally investigated. By using the 80-MHz pulse emitted from an optical parametric oscillator as the pump source, the DW from $1626 to 1685 nm is obtained with the average pump power changing from $250 to 440 mW at the pump wavelength of $1760 nm. The conversion efficiency is over $65%. The full width at half maximum (FWHM) of DW pulse at the center wavelength of $1626 nm is $90 fs, which was measured by an intensity autocorrelator. The stable DW pulse can be used as a near-infrared femtosecond source.
Introduction
In nonlinear fiber optics, dispersive wave (DW) generation, which is also called Cherenkov radiation (CR) or nonsolitonic radiation, originates from the perturbation of a stable temporal soliton in the anomalous dispersion regime by the higher order fiber dispersion [1] - [4] . And DW has already been widely applied in the tunable femtosecond source and wavelength conversion [5] , [6] . Recently, great attention has been devoted to DW in microstructured optical fibers (MOFs) which can offer controllable chromatic dispersion and high nonlinearity [7] - [10] . For the highly efficient DW, two conditions must be satisfied: Solitons and DW must share the same phase velocity, and the spectral tails of the soliton must overlap with the DW wavelength [11] - [13] . Although some reports have demonstrated the highly efficient DW in MOFs [14] - [19] , the reported maximal conversion efficiency ðÞ was limited at $50% [11] , and most of the research was based on silica fibers.
Soft-glass MOFs, fabricated by tellurite or chalcogenide glasses, have broad transparency ranges in the mid-infrared and high nonlinear refractive indices exceeding that of silica glass by at least one order of magnitude [20] - [22] . They have been widely applied in nonlinear fiber optics, such as supercontinuum (SC) generation, soliton self-frequency shift (SSFS), and thirdharmonic generation (THG), etc. [23] - [5] .
In the paper, a four-hole tellurite (76:5 TeO 2 -6 Bi 2 O 3 -11:5 Li 2 O-6 ZnO, mol%) MOF (TMOF) was designed and fabricated for the highly efficient and tunable DW generation. The diameter of the core was $ 4:7 m, and the loss was measured to be $0.2 dB/m at $1800 nm using the cutback method. Tunable DW from $1685 to 1626 nm was obtained when the TMOF was pumped by an optical parametric oscillator (OPO) with the pump wavelength of $1760 nm. The conversion efficiency was over $65%. The 3 dB spectral bandwidth of DW increased from $34 to 63 nm with the average pump power increasing from $250 to 440 mW, and the full width at half maximum (FWHM) of the DW was $90 fs pulse width with 440 mW, measured by an intensity autocorrelator. The generated DW pulse can be used as a tunable near-infrared femtosecond source.
Structure of TMOF
The inset of Fig. 1(a) shows the cross section of the TMOF observed by an optical microscope. The TMOF was fabricated by the rod-in-tube technique. The fundamental mode refractive index was calculated from 1200 to 2800 nm, and the core and cladding diameters were $4.7 and $128 m, respectively. At the wavelength of $1800 nm, the loss was $0.2 dB/m measured by the cutback technique, and the calculated nonlinear coefficient was $212 km À1 W À1 based on the nonlinear refractive index of $5:9 Â 10 À19 m 2 W À1 for tellurite glass and the effective mode area of $9:7 m 2 [26] . The nonlinear refractive index of this tellurite glass was higher than some reports [27] , [28] due to Bi 2 O 3 in the composition. Fig. 1(b) shows the chromatic dispersion curve calculated by a commercial software (Lumerical MODE Solution) using the full-vectorial mode solver technology. The fundamental mode-field intensity at 1800 nm is shown in the inset of Fig. 1(b) . We can see that the zero-dispersive wave (ZDW) of the TMOF was $1720 nm.
Experimental Conditions and Results
The experimental setup for the DW generation in a 2 cm-long TMOF is shown in Fig. 2(a) . The laser pulse tuned from 1700 nm to 3000 nm with the repetition rate of $80 MHz generated from an OPO (Coherent Inc.) was used as the pump source. The FWHM of laser pulse was $560 fs, which was measured by an intensity autocorrelator. The mode field profile of the propagation beam from the OPO at $1800 nm was measured by a CCD camera, as shown in Fig. 2(b) . After a neutral density (ND) filter, the pulse was coupled into the core of the TMOF by a lens with the focus length of $4.0 mm and the numerical aperture (NA) of $0.56 (THORLABS, CO36TME-D). The output signal was then butt-coupled into a 0.3 m long large-mode-area (LMA) fluoride (ZBLAN) fiber with the core diameter of $105 m and the transmission window from 0.4 to 5 m.
The nonlinear effect in ZBLAN fiber could be ignored due to the large core size. Finally, the LMA ZBLAN fiber was connected to an optical spectrum analyzer (OSA, 1200-2400 nm) to record the DW signal. First, we used the pump wavelength pump ¼ 1760 nm, which was in the anomalous dispersion regime and close to the ZDW of the TMOF. The average power measured after the lens was $250, 300, 350, and 440 mW. The coupling efficiency was $24%, which was defined as the ratio between the power transmitting in the core and the power before the lens. Because only a little power leaked into the cladding, which can be neglected, the power transmitting in the core can be measured by OSA from the output end of the TMOF. Considering the coupling efficiency, the peak power launched into the fiber was calculated to be $1.34, 1.61, 1.88, and 2.36 kW. Fig. 3 shows DW evolution with the increase of the average pump power. And the center wavelength of the fundamental soliton was changed from $1920 to 2280 nm. The evolution of the red-shifted spectrum was mainly ruled by the fact that the input pulse behaved as solitons which underwent a fission process during propagation in the TMOF, whereas the blueshifted radiation mainly originated from DW which was determined by the phase-matching condition. In our experiments, when the $1760 nm pump power increased from $250 to 440 mW, the center wavelength of the emitted DW shifted from $1685 to 1626 nm, yielding a blueshift in this process. The 3 dB spectral bandwidth increased from $34 to 63 nm with the change of the average pump power. At the average pump power of $440 mW, DW with the center wavelength of $1626 nm was emitted by the fundamental soliton with the center wavelength of $2280 nm.
The wavelength location of DW is predicted by a phase-matching condition [2]
where n ð! S Þ is the nth derivative of the dispersion coefficient at the soliton frequency, and n ¼ 6 is considered in the paper. ! S and P S are the center frequency and peak power of the soliton, respectively. ! DW is the center frequency of DW, and is the nonlinear coefficient. Physically, when the third order dispersion 3 > 0, ! DW is larger than ! S , and DW shifts to the blue-shifted region. Based on the phase-matching condition, the calculated and experimental center wavelengths of DW with different average pump power were shown in Fig. 4(a) . The discrepancy was limited within the range of $12 nm, which was induced by the instability of the soliton and the nonlinear phase shift [10] , [29] . The DW conversion efficiency as a function of the average pump power measured by OSA was shown in Fig. 4(b) , which was defined as the ratio between the DW power and the total pump power at the output end of the TMOF and adapted in [30] . The conversion efficiency grew monotonously with the average pump power, and reached ¼ 67:4% at $495 mW, which exceeded the highest value ever reported. Such a high efficiency can be explained as follow. Under the combined effect of the self-phase modulation (SPM) and dispersion, the input pulse was compressed in the first phase and its spectrum overlapped the resonant wavelength. Consequently, an effective wide bandwidth DW was gained. The prior DW was amplified as a seed by the soliton, and then developed into a more energetic DW [17] . However, there are other two potential reasons. One was the high nonlinear refractive index of the tellurite glass compared with the silica glass. As a result, P will be large and the phasematching condition can be satisfied in the wide wavelength range. The other was the pump wavelength closed to the ZDW, which mean that the dispersion term of (1) was nearly zero. Thus the phase-matching condition can be satisfied with the low pump power. In order to characterize the temporal profile of the generated DW pulse, the FWHM was measured by an intensity autocorrelator. Because the 3 dB spectral bandwidth of the generated DW changed with pump power, the FWHM also changed. The generated DW pulse width with the center wavelength of $1626 nm was measured at the average pump power of $440 mW, as shown in Fig. 5 . The FWHM of the pump pulse at $1760 nm was $560 fs, whereas the FWHM of the generated DW pulse was $90 fs. The latter was more than six times shorter due to the pump pulse compression in the TMOF. The dispersion length L D ¼ T 0 2 =j 2 j. At the center wavelength of DW ($1626 nm), T 0 % T FWHM =1:763 is the pulse width for hyperbolic-secant shape, and T 0 ¼ 51 fs. 2 ¼ 33:5 ps 2 =km is the dispersion parameter calculated according to Fig. 1(b) . The calculated L D ¼$ 7:8 cm and L D ! L ¼ 2 cm. As a result, the dispersion-induced broadening of the DW pulse can be neglected and the pulse can be considered stable. On the other hand, the 3 dB spectral bandwidth was $63 nm ð$1596 À 1659 nmÞ, and based on this the calculated actual pulse width of DW pulse was $61 fs (transform-limit), which was shorter than the measured FWHM value ($90 fs). One of the reasons was that the DW pulse was connected with the intensity autocorrelator by a 10 cm-long single mode fiber (SMF) and during the transmission in the SMF, the pulse was slightly broadened. Considering the coupling and conversion efficiency, the output peak power of DW was $9.8 kW, which was higher than the launched peak pump power ($2.36 kW). This is because the pulse was compressed to $90 fs, and from this we can see that the highly efficient and stable DW with the tunable range of $59 nm can be used as a femtosecond source.
In order to show the generated DW as a function of the pump wavelength, DW at the pump wavelength of $1760, 1810, and 1910 nm was investigated with different powers, as shown in Fig. 6 . With the increase of the pump wavelength and the further away from the ZDW, the conversion efficiency decreased. At pump ¼ 1760 nm with the average power of $440 mW, ¼ 66:6%. At pump ¼ 1810 nm with the average power of $430 mW, ¼ 32:7%, and at pump ¼ 1910 nm with the average power of $400 mW, no obvious DW peak appeared in the blue-shifted region, and most of the pump power shifted to the solitons. This is due to the fact that the pump wavelength $1910 nm was far away from the ZDW, thus according to (1) the phase-matching condition cannot be satisfied.
Summary
In summary, we designed and fabricated a four-hole TMOF for the highly efficient and tunable DW generation. A stable DW pulse from $1626 to 1685 nm was obtained with the average pump power increasing from $250 to 440 mW at the pump wavelength of $1760 nm. The 3 dB spectral bandwidth of DW increased from $34 to 63 nm, and the FWHM of DW was $90 fs at the average pump power of $440 mW, which was more than six times shorter than that of the pump pulse. Furthermore, the conversion efficiency can reach $67.4% at the average pump power of $495 mW. The highly efficient, stable and tunable DW generated in the TMOF can be us ed as a near-infrared femtosecond source.
